Abstract: This paper reports the electrooptical characteristics of ultraviolet light-sensitive 4H-SiC p þ -n junction photodiodes obtained by aluminium (Al) ion implantation on lowdoped n-type epilayers. A low dark current density (G 1 nA/cm 2 at À100 V) was measured on 1-mm 2 area devices up to 90 C. A peak responsivity of 0.11 A/W at 280 nm corresponding to a quantum efficiency of about 50% and a visible blindness 9 10 3 were demonstrated. The absence of optically active defects and nitrogen donor-aluminum acceptor pair recombination centers was monitored by optical measurements in the visible range.
Introduction
The relevant interest on ultraviolet (UV) light sensitive and visible blind detectors for medical, military, industrial, and environmental applications have stimulated the research community to improvements in device design, as well as in processing [1] . Among all the UV light sensitive semiconductor materials, 4H-SiC based photodiodes represent the most suitable choice for many applications such us, for example, UV environmental monitoring owing to their high intrinsic visible blindness, good quantum efficiency, very low dark current, ruggedness, and more mature process technology [2] .
Recently, we have developed vertical Schottky 4H-SiC UV detectors with continuous thin metal film Ni 2 Si front electrode demonstrating good morphological repeatability and uniformity on wafer of the electro-optical detectors performance with high wafer yield [3] . However the use of a continuous front metal anode led to a consistent reduction of the responsivity, especially at low wavelengths, due to the high optical absorption of the metal layer in the UV range. Further reduction of the metal thickness or the use of a patterned thin metal film anode, already proposed in previous publications [4] , are not attainable industrial solutions. This makes necessary the use of a different junction design to enhance the optical absorption in 4H-SiC active area. More particularly, the use of a very shallow p-n junction could imply a relevant increase of the optical sensitivity, thanks to the reduction of the dead layer thickness above the depletion region, in particular in the deep UV range where radiation exhibits very low penetration depth [5] .
Over the past few years, 4H-SiC p-n junction photodiodes obtained by epitaxial growth of semiconductor layers with opposite doping have been demonstrated [6] , [7] . These kinds of devices have two fundamental limitations intrinsic to the epitaxial growth techniques: First of all, it is difficult to grow very thin layers with high dopant concentration on opposite doped epitaxial layers, for example a thin p þ epi-layer over an n À layer; moreover etching and passivation processes (MESA structures) are necessary around the detector's active area for lateral device field confinement and edge leakage suppression implying a large dead space between contiguous devices and complex fabrication processing [6] , [7] .
The use of the ion implantation technique to define the junction could definitely help to address this issue allowing the selective doping of different die regions with consequent dead space reduction around the active area and fill factor increase.
Moreover very low energy implantation steps could allow the fabrication of very shallow p-n junctions with respect to what achievable by using epilayer growth with consequent increase of the optical responsivity especially at low wavelengths.
To our knowledge, only a few research groups use ion implantation to fabricate semiconductor junction photodiodes in 4H-SiC. Furthermore the few structures disclosed in the literature evidence high level of dark current, instability, absence of spatial uniformity in photo-response and low fabrication yield. All the above issues can be partially overcome by fabricating small area devices [8] , [9] . In some case also inadequate visible blindness is reported in p-i-n photodiodes due to post implantation defects [8] . On the other hand, ion implantation in 4H-SiC detectors processing requires post-annealing processes to be performed at very high temperature (around 1700 C) for damage repair in order to decrease the leakage current and consequently increase the signal-to-noise ratio also for very weak photon fluxes detection. This makes necessary the development of dedicated thermal processes, not attainable with standard microelectronics equipment and recipes.
In our paper, we report on p þ -n junction photodiodes obtained by high dose Al þ ions implantation to form the p þ layer in a low doped n-type epilayer. A dedicated post implantation annealing process was suitably developed for this technology.
The high fill factor detectors here proposed exhibit relevant electro-optical performance in terms of very low dark current, high responsivity in all the UV range already at 0 V bias and excellent visible blindness. A low leakage current was measured even at high temperature (up to 90 C) while no relevant changes were observed in the optical response in the temperature range À20
-90 C on 1 mm 2 area detectors.
Photodiode Fabrication and Structural Characterization
The p þ -n junction UV photodiodes were fabricated at STMicroelectronics-Catania and CNR-IMM-Catania clean room facilities using 4H-SiC epitaxial wafers produced by E.T.C. The n-type epilayer (nominally 3.5 m thick, 1 Â 10 14 cm À3 doping) was grown onto an n-type heavily doped substrate ð1 Â 10 19 cm À3 Þ. The substrate and the epilayer dopant concentration were estimated through CV measurements. The epilayer dopant concentration and thickness were properly fixed to operate the device with maximum efficiency already in photovoltaic mode (0 V bias). The p-n junction was formed by two implantations of Al þ ions in the epilayer, in two sequential steps both performed at 400 C temperature, with ion energy of 30 keV and 80 keV, and fluence of 3 Â 10 13 ions/cm 2 and 1 Â 10 14 ions/cm 2 , respectively. A dedicated thermal annealing process at 1700 C for 30 minutes in Ar ambient was used to activate the dopant and recover the implantation damage. As studied in previous works and obtained through Scanning Capacitance Microscopy measurements, the p þ region has a depth of about 175 nm and an activated dopant concentration of about 1 Â 10 19 cm À3 [10] . The Ohmic contacts on the n þ back substrate and on the p þ top surface were formed by sputtering of a 200 nm and 100 nm Ni film, followed by rapid annealing processes at 1000 C and 750 C, respectively, in N 2 ambient to form Ni 2 Si films [3] . The detectors reported in this paper have an optically active area (p þ region directly exposed to radiation) of 1 mm 2 , and a total area of about 1.18 mm 2 . The device is laterally delimited by 800 nm thick TEOS ring. In current device version, no passivation layer is used on the surface metal.
In the left portion of Fig. 1 , an optical microscopy image of the proposed device is shown. At the right of the same figure a not in scale schematic cross section of the detector is reported. The semiconductor region delimited by the Ni 2 Si surface ring metal layer is directly exposed to the light radiation.
Electro-Optical Characterization
The IV characteristics of the diodes were measured in dark condition on wafer at five different temperatures (À20 , 0 , 25 , 50 , and 90 C) by using a temperature controlled probe station and a semiconductor parameter analyzer (Agilent 4155C). More than 30 devices were electrically tested, and all of them showed a similar behavior. Hence, Figs. 2 and 3 report the forward and reverse IV characteristics representative of the typical behavior of the devices.
Measurements show how the photodiodes are stable over the entire applied bias range. In fact, the high reverse voltage and the measurement temperature do not cause any relevant change in the electrical behaviour of the detectors. The devices exhibit rectifying IV characteristic and the forward current versus temperature trend is in agreement with the literature. The generationrecombination contribution is evident in the forward IV curves, partially reduced when the device operates at À20 C and probably correlated with the Al implantation residual damage [11] . Very low leakage (dark) currents were measured at very low reverse bias. The leakage increases slowly in the entire investigated reverse bias range and remain extremely low even at a reverse bias of À100 V, where the measured dark current density is lower than 1 nA/cm 2 even at a temperature of 90 C. In fact, as can be seen in Fig. 3 , only a very small increase of the leakage current occurs with increasing temperature.
The optical characterization have been carried out on wafer by using a Xenon lamp assembly as the luminous source, a CVI/Digikrom DK240 monochromator, a 100 m diameter core optical fiber provided with focusing system and a commercial Ophir-Optronics power meter used to calibrate the apparatus. An automated procedure was used to calculate the photoresponvity during the measurements [3] , [12] . The dark current was first measured at each temperature and reverse bias values used for the characterization and then subtracted from the measured photocurrent values. First, the responsivity (R) was measured as a function of the reverse bias at fixed temperature (25 C). The results obtained on a typical device are reported in Fig. 4 . From responsivity values the quantum efficiency QE can be calculated through the relation QE ¼ 1240 Ã R= (where is the wavelength expressed in nm) [13] . The R versus , at three fixed QE values, is also reported in Fig. 4 .
A relevant maximum responsivity of 0.11 A/W was measured at 280 nm, corresponding to a quantum efficiency (QE) of about 50%. Moreover from Fig. 4 it is clear that the responsivity measured on p þ -n photodiodes does not depend on the applied reverse bias, as expected considering the low epilayer's doping and thickness. At 0 V the epilayer thickness results fully depleted, allowing to attain the maximum sensitivity already at this bias value.
Similar devices (p region obtained through Al ion implantation and annealing) reported in literature [8] exhibit significant visible light sensitivity, attributed to nitrogen donors-aluminium acceptor pairs recombination. In order to investigate the absence of optical response in the visible range, the responsivity measurements were measured up to 600 nm. The spectrum obtained on a typical device at 0 V and 25 C is reported in semi-logarithmic plot in Fig. 5 . A relevant mean visible blindness of 10 3 , can be obtained from the ratio between the average responsivity estimated in the visible range 400 Ä 600 nm and the 280 nm responsivity value (peak detection efficiency wavelength). 6 reports the responsivity spectral shape measured at five different temperatures (À20 C, 0 C, 25 C, 50 C, and 90 C) in the wavelength range 200-400 nm at 0 V: the device is stable in the investigated temperature range. A slight increase of the responsivity at long wavelengths is observed at high temperatures mainly due to the reduction of the energy bandgap, fully in line with the expected behavior [3] , [5] .
Finally, in Fig. 7 , we compared the optical response of the p þ -n junction photodiode here proposed with our previously published results on thin metal film Ni 2 Si=4H-SiC vertical Schottky photodiodes. Assuming as reference the R spectrum of our thin metal film Schottky photodiodes [3] , the responsivity measured on our new 4H-SiC shallow junction p þ -n detectors is remarkably higher especially at low wavelengths (about 2.5 times higher for wavelengths lower than 280 nm). Furthermore, it is evident how the responsivity spectrum of our junction devices is shifted towards lower wavelengths, thanks to the direct exposure of photodiode's active area to the light radiation, avoiding in this way the high optical absorption especially at low wavelengths of the thin metal layer in Schottky design.
More generally, the responsivity measured on our new junction photodiodes is comparable or higher than that measured on similar design technologies proposed in the past and obtained by ion implantation. Furthermore, the dark current is remarkably lower what's more on relatively large area detectors (1 mm 2 ) [9] . All these results put the detectors here disclosed at the state of the art in UV light detection field and can represent the first step towards the development of high signal-to-noise ratio 4H-SiC detectors working in avalanche mode (either APDs or SPADs) for extremely low light intensity detection.
Conclusion
In this paper, we reported on the performances of 1 mm 2 optically active area p þ -n 4H-SiC photodiodes fabricated by Al ion implantation on a low doped n-type 4H-SiC epilayer. The fabricated photodiodes exhibit a leakage current density lower than 1 nA/cm 2 up to 100 V reverse bias, a peak responsivity (QE) of 0.11 A/W (50%) at 280 nm and mean visible blindness of about 10 3 . All these results obtained on large area detectors with respect to similar p-n junction devices proposed in the literature set our devices at the state of art among the UV light solidstate detectors currently available.
